The impact of leaf vein cavitation and embolism on stomatal response and leaf hydraulic conductance was studied in potted plants of sunflower subjected to water limitation. Plant dehydration was achieved either by cutting well-watered plants near their base and leaving them dehydrating in air or by depriving intact plants of irrigation. The vein cavitation threshold (C CAV ) was estimated in terms of ultrasound acoustic emissions (UAE) from the leaf blade versus leaf water potential (C L ). This was found to be the same (C CAV » À0.6 MPa) for leaves of both cut and intact plants where stomata began to close in coincidence with starting vein cavitation. Vein embolism was detected by infiltrating leaves at different C L with 0.7 mM fluorescein and measuring the percentage fluorescent area as percentage of total leaf surface area. A distinct loss of vein functionality (up to 50%) was found to occur in leaves at progressively decreasing C L , starting when leaves reached C CAV . A linear positive relationship with high statistical significance was found to exist between g L and percentage leaf fluorescent area, thus indicating that stomata were sensitive to vein embolism. The hydraulic conductance (K L ) of the leaf was affected by leaf dehydration less than expected (K L decreased by about 20% between near full turgor and C L = À1.3 MPa). When the extravascular leaf compartment was excluded either by killing cells by immersing leaves in 70% ethanol or by cutting the main leaf venous system through to allow flow to bypass it, K L turned out to increase 5.5 times, thus suggesting that the high dominance of the hydraulic resistance of the extravascular leaf compartment over the total leaf resistance might buffer or mask possibly large local changes in K L inducing stomatal closure.
The impact of leaf vein cavitation and embolism on stomatal response and leaf hydraulic conductance was studied in potted plants of sunflower subjected to water limitation. Plant dehydration was achieved either by cutting well-watered plants near their base and leaving them dehydrating in air or by depriving intact plants of irrigation. The vein cavitation threshold (C CAV ) was estimated in terms of ultrasound acoustic emissions (UAE) from the leaf blade versus leaf water potential (C L ). This was found to be the same (C CAV » À0.6 MPa) for leaves of both cut and intact plants where stomata began to close in coincidence with starting vein cavitation. Vein embolism was detected by infiltrating leaves at different C L with 0.7 mM fluorescein and measuring the percentage fluorescent area as percentage of total leaf surface area. A distinct loss of vein functionality (up to 50%) was found to occur in leaves at progressively decreasing C L , starting when leaves reached C CAV . A linear positive relationship with high statistical significance was found to exist between g L and percentage leaf fluorescent area, thus indicating that stomata were sensitive to vein embolism. The hydraulic conductance (K L ) of the leaf was affected by leaf dehydration less than expected (K L decreased by about 20% between near full turgor and C L = À1.3 MPa). When the extravascular leaf compartment was excluded either by killing cells by immersing leaves in 70% ethanol or by cutting the main leaf venous system through to allow flow to bypass it, K L turned out to increase 5.5 times, thus suggesting that the high dominance of the hydraulic resistance of the extravascular leaf compartment over the total leaf resistance might buffer or mask possibly large local changes in K L inducing stomatal closure.
Introduction
The continuity of water columns along the soil-to-leaf path is known to be threatened by xylem cavitation (Zimmermann 1983 , Tyree and Sperry 1989 , Steudle 2001 ) that is triggered whenever tensions in the xylem (or negative xylem pressure potentials, C XP ) exceed critical species-specific values (Zimmermann 1983 , Tyree 1997 . A consistent body of evidence shows that xylem cavitation is triggered at C XP values commonly recorded in the field (Tyree and Sperry 1988, Nardini and , leading to embolism and consequent impairment of soil-to-leaf water transport (Rood et al. 2000 , Davis et al. 2002 .
Although plants have been reported to refill cavitated conduits at least partly (Borghetti et al. 1991 , Salleo et al. 1996 , Zwieniecki and Holbrook 1998 , Tyree et al. 1999 , Holbrook et al. 2001 ), cavitation avoidance is considered to be an important feature improving plant fitness and survival (Steudle 2001) . This can be achieved by plants through limitation of the evaporative water loss, thus buffering xylem water potential above the critical threshold for cavitation. Over the long term (months, years), plants can prevent cavitation by adjusting the evaporative surface area to water transport capacity (Meinzer and Grantz 1990, Pepin et al. 2002) . Over the short-term (hours), plants can decrease the transpiration rate per unit leaf surface area by stomatal closure. Evidence for a stomatal control of xylem embolism (Jones and Sutherland 1991) has been reported for several woody species (e.g. Cochard et al. 1996 but herbs have received much less attention (Cochard 2002) . Moreover, the entire sequence of events connecting xylem cavitation to stomatal response has not yet been elucidated. Stomatal aperture has been suggested to be limited by water transport capacity at the whole-plant level (Sperry 2000 , Meinzer 2002 which is, in turn, a function of the functional integrity of xylem along the entire soil-to-leaf continuum. In previous studies Salleo 2000, Salleo et al. 2000) , cavitation of a few widest xylem conduits occurring as C XP approached the cavitation threshold (C CAV ) has been hypothesized to be responsible for some reduction of stem (and maybe leaf) hydraulic conductance, thus acting as a signal for stomatal closure which would have not allowed C XP to drop further and induce runaway embolism. An opposite view has been proposed by Cochard (2002) who has described the relationships existing between leaf cavitation and stomatal aperture in a herbaceous monocot (Zea mays L.) and found that stomata closed before leaves reached their cavitation threshold. Other signals such as local changes in cell turgor, pH changes in the xylem sap and release of chemical signals (e.g. abscisic acid) have been reported by different authors (e.g. Tardieu and Davies 1993, Thompson et al. 1997) to mediate the stomatal response to water limitation at constant leaf water potentials.
Most studies dealing with stomatal control of xylem embolism have focused their attention on stem cavitation. It is now well known, however, that any plant organ is liable to cavitate including roots (e.g. Sperry and Ikeda 1997, Kavanagh et al. 1999 ) and leaves (Milburn 1973 , West and Gaff 1976 , Kikuta et al. 1997 , 2001 , both organs appearing to be more vulnerable to xylem cavitation than stems (Sperry and Ikeda 1997 , 2001 . In particular, cavitation of leaf veins has received some attention in recent years due to the view that leaf veins are in close contact with mesophyll cells where the most negative water potentials develop in a plant. Previous studies by some of us have provided some although non-conclusive evidence that leaf cavitation may result in the down-regulation of stomatal conductance in Ceratonia siliqua L. , Lo Gullo et al. 2003 . No significant linkage, meanwhile, was found to exist between leaf cavitation and the overall leaf hydraulic conductance in Prunus laurocerasus L. .
In an attempt to elucidate the possible relationships between leaf vein embolism, leaf hydraulic traits and stomatal response, in the present study we report measurements of vein cavitation, conductance to water vapour and hydraulic conductance in leaves of a herbaceous dicot (Helianthus annuus L) both near full turgor and under water limitation, with the aim of investigating: (1) whether leaf veins undergo substantial cavitation and embolism when plants are subjected to water shortage; (2) whether and to what extent leaf vein cavitation may cause any substantial decrease of leaf conductance to water vapour and/or of hydraulic conductance; and (3) whether and to what extent the decrease in leaf conductance to water vapour results in buffering C L above C CAV .
Materials and methods

Plant material and growth conditions
All experiments were undertaken on 4-week-old H. annuus plants. Seeds were planted in greenhouse trays and after cotyledons were fully expanded, seedlings were transferred to 1.5-l pots filled with a mixture (1 : 1) of peat and sand (one seedling per pot). Plants were grown in a room where air temperature was adjusted to vary between 20 and 23 C, relative humidity was set at 50 ± 5% and light was provided by iodine-vapour lamps (HQI-T 1000 W/D; Osram GmbH, Mu¨nchen, Germany) with a photosynthetically active radiation (PAR) of 350 ± 50 mmol m À2 s À1 (see below). The photoperiod was set at 12 h (lights were turned on at 0600 h and turned off at 1800 h). Plants were well irrigated (each plant received 150 ml of water per day) except for those used for water-stress experiments in which irrigation was suspended. The relative constancy of temperature, air relative humidity and quantum flux during the experiments was aimed at preventing additional stomatal response to changes in these variables.
Measuring leaf cavitation, gas exchange and water potential of detached and intact plants
Detached plants
In order to estimate the time course of leaf conductance to water vapour (g L ) and water potential (C L ) before and during extensive leaf cavitation, a first experiment was designed consisting of measuring the above variables in well-irrigated plants that were later cut off near their base. This procedure was aimed at inducing abrupt, extensive xylem embolism that was estimated in terms of the number of ultrasound acoustic emissions (UAE; Tyree and Dixon 1983) as produced by leaves (see below). Six plants were irrigated to field capacity on the day preceding the experiments. While plants were still in the dark, an ultrasound acoustic emission (UAE) transducer (RI 151; Physical Acoustic Corporation, Princeton, NJ, USA) was clamped to the proximal third of the leaf adaxial side including the central main vein [sunflower leaves are of the actinodromous type (Hickey 1973) , i.e. they have three main veins]. The transducer was connected to a UAE counter (4615 Drought Stress Monitor; Physical Acoustic Corp.) and signals were amplified by 80 dB (60 dB by the main amplifier and 20 dB by the built-in transducer amplifier). Although the intrinsic limit of the acoustic technique (Tyree and Dixon 1983) is that it gives no information of the hydraulic impact of cavitation or of the specific cells actually cavitating, UAE countings have been successfully used to estimate the vulnerability to cavitation of stems (e.g. Lo Gullo and Salleo 1991) and of leaf blades of several species (e.g. West and Gaff 1976 , Kikuta et al. 1997 , 2001 in terms of the UAE-C L relationship. The absence of signals in fully hydrated plants in the dark was checked for at least 20 min. During this time, dark values of g L and C L were recorded of at least five leaves from different plants, using a steady state porometer (LI-1600; LiCor Inc., Lincoln, NE, USA) and a pressure chamber (Model 3005; Soilmoisure Equipment, Santa Barbara, CA, USA), respectively. After the lights were turned on, g L and C L were recorded at 5 min intervals (one leaf per time interval) until g L reached a maximum and became stable. This required about 40 min during which UAE were recorded continuously. Plants were then cut off about 50 mm above the ground and recordings of UAE, g L and C L continued for another 40 min when leaves appeared to be severely wilted. Experiments were replicated six times.
Intact water-stressed plants Although the above protocol had the advantage of inducing large and rapid changes in g L and C L between the two extreme conditions of leaf full turgor and zero turgor, the inconvenience was that plant water status was forced to change very differently from changes occurring under natural conditions. Therefore, a second experiment consisted of measuring the same variables in plants deprived of irrigation while under the same environmental conditions described above. Six plants received the last irrigation the evening preceding the experiments when the UAE transducer was clamped to a leaf and the base g L and C L values were recorded of three leaves from different plants (see above). At 4 days after the last irrigation, the plants appeared severely wilted. During this time, the cumulative number of UAE (cUAE) as well as g L and C L values were recorded of at least two leaves every day (for g L and C L ) and of one leaf (cUAE) at 0900 h, namely 3 h after the lights had been turned on. Due to the small volume of the pots, 5 days after irrigation was suspended the leaves started to desiccate and the plants began to die. Measurements were replicated on six groups of plants.
Estimating cavitation-induced vein blockage and relationships with leaf conductance to water vapour
Due to the uncertainty of the origin of the UAE recorded during plant dehydration (Sandford and Grace 1985, Ritman and Milburn 1988) , an independent method was used to check whether the UAE recorded during the dehydration experiments were really the expression of cavitation events occurring in the leaf veins as well as to investigate the possible relationships linking vein dysfunction to stomatal response. This consisted of infiltrating leaves with fluorescein at decreasing C L (see below and Salleo et al. 2001) to discriminate functioning (fluorescing) from non-functioning veins after measuring g L in selected leaf blade areas.
Three leaves were first collected from different plants both well irrigated (C L . À0.1 MPa) and from plants subjected to increasing levels of water stress (up to C L ¼ À1.3 MPa) and their C L was measured. Three other leaves from the same plants in which C L had been recorded, were measured for g L while still attached to the plants. In particular, g L was recorded on nine different leaf blade areas per leaf using the steady-state porometer equipped with a 60-mm 2 leaf chamber. This was aimed at obtaining information of eventual differences in the vein vulnerability to embolism over the leaf blade. The areas to be measured for g L were marked using a water-based marker (see Fig. 4 ) and were uniformly distributed over the leaf blade including areas near the central main vein and others between the two lateral main veins (see above). The leaves were then cut off under distilled water filtered to 0.1 mm to prevent vein clogging with spurious emboli or debris and connected immediately to a vacuum chamber with their petioles fitted tightly to silicone tubing, passing through the rubber seal of the vacuum chamber. The opposite end of the tubing was immersed in a fluorescein solution (0.7 mM fluorescein, sodium salt, dissolved in 50 mM KCl). Leaves were infiltrated with fluorescein under a subatmospheric pressure of 20 kPa (above vacuum) which was maintained constant for 1 h. This time was, in fact, four times higher than that needed for the fluorescein to enter leaf veins (15 min) but it was maintained to increase vein fluorescence and facilitate microscopic observations. Preliminary experiments had, in fact, shown that such a procedure was sufficient to infiltrate veins of wellhydrated leaves of sunflower, completely without any visible interruption even in the minor veins as revealed by leaf areas with non-fluoresceing veins. After infiltration, leaves were removed from the apparatus and put under a binocular (Wild M8; Leica Camera AG, Solms, Germany) equipped with a mercury vapour lamp with a UV excitation filter (360/40 nm). The microscope was then connected via a telecamera (Leica DC 1000) to a computer with dedicated software for image analysis. Images of the previously selected areas were acquired at 1200 dpi and stored as bmp files. Images of the leaf blade areas (previously measured for g L ) were then imported to a software designed for image processing (Scion Image, Scion Corporation, Frederick, MD, USA) and the percentage fluorescent area was calculated for each image (for details see also Salleo et al. 2001 ).
Estimating leaf blade hydraulic conductance and hydraulic architecture
Whole-leaf hydraulic conductance (K L ) was measured using the vacuum chamber technique introduced by Physiol. Plant. 119, 2003 Kolb et al. (1996 for stems and first used for leaf blades by Nardini et al. (2001) . The technique has been recently further validated by Sack et al. (2002) . The vacuum chamber was a 8-l PVC flask. The petiole was connected to rigid PEEK (polyetheretherketone) tubing using a 5-mm length of 1.5 mm id Tygon tubing. The PEEK tubing passed through the rubber seal of the vacuum flask to a beaker of solution (50 mM KCl) resting on a digital balance (Model AE220; Sartorius, Goettingen, Germany; accuracy ± 0.1 mg). The vacuum pump was used to reduce the pressure in the vacuum flask in steps of 20 kPa and at each pressure a computer measured the weight of the beaker on the digital balance at 30 s intervals to compute flow. All flow readings were made at a temperature of 22 ± 1 C. At least 10 flow readings were made at each pressure ranging from atmospheric pressure to depressions of 20 kPa each in four steps starting from 80 kPa below atmospheric pressure and continuing at 60, 40 and 20 kPa. Volume flow rates were recorded until the flow became stable (i.e. the SD of the mean of the last 10 readings was less than 3% of the mean). The flows (F) were plotted against the absolute pressures applied (P) and K L was computed from the slope of the F to P linear relationship. At the end of the experiments, leaf surface area (A L ) was measured using a leaf area meter (LI-3000 A; LiCor Inc.) and K L was scaled by A L . At least seven leaves were measured for each C L level studied.
In an attempt to obtain an estimate of the partitioning of the hydraulic resistances (R) within the leaf; that is, of discriminating the resistance of leaf symplast from that of apoplast, the hydraulic conductance (K ¼ 1/R) of seven leaves collected from plants at near full turgor was measured using the vacuum chamber technique (see above). After recording K L , the leaves were immersed in 70% ethanol for 1 h in order to kill cells and make membranes leaky, thus presumably minimizing (or nullifying) the symplast hydraulic resistance. Leaves were then re-measured for hydraulic conductance in the vacuum chamber and R symplast could be estimated in terms of R symplast ¼ R L À R residual ) assuming R residual ¼ R apoplast . We are aware that leaf fixation with ethanol was a somewhat brutal procedure for destroying membranes and that additional and/or unexpected effects on cell wall water permeability could be caused. On the other hand, several attempts at poisoning cells by leaf infiltration with metabolic inhibitors such as, for instance, dinitrophenol (not shown in the present paper) caused complete and rapid cessation of the flow, thus raising the suspicion that these perfused solutions might have blocked the venous system. Parallel experiments were undertaken, consisting of cutting the leaf blade between the main veins (Fig. 1) . This procedure has been used by Tyree et al. (2001) with the aim of allowing water to bypass the extra-vascular component of the leaf or, in other words, to drive water flow through vessels from the base of the petiole to vessels cut open. In this case, the resistance of the entire non-vascular leaf compartment (R NV ) could be computed as R NV ¼ R L À R residual .
Results
Well-irrigated plants in the light were shown to open the stomata about 10 min after illumination (Fig. 2) . After a further 15 min, stomatal aperture (in terms of g L ) reached a maximum that was maintained nearly constant at about 125 mmol m À2 s
À1
. At the same time, some UAE were produced (about 20 signals were counted within 20 min from plant illumination) and C L decreased to a more or less constant level of about À0.6 MPa. After g L and C L became stable and no new UAE signals were recorded, the plants were cut off and left dehydrating in air. Immediately after cutting, further production of UAE was recorded so that the cumulative number of UAE (cUAE) increased from about 20 to over 70 in 30 min while C L decreased from À0.6 to about À1.2 MPa. Leaf conductance to water vapour showed a simultaneous substantial but transient increase from 125 to over 200 mmol m À2 s À1 followed by a sharp drop to less than 25 mmol m À2 s À1 , which is not far from dark values. Leaves of intact plants subjected to increasing drought (Fig. 3) , produced a progressively increasing number of UAE, such that cUAE increased from about 65 (as counted 24 h after the last irrigation) to about 180 (3 days later). Simultaneous to the UAE production was the decrease of g L and C L from about 160 to 25 mmol m À2 s À1 and from -0.6 to À1.25 MPa, respectively.
Leaves dehydrated to C L ranging between near full turgor (C L ¼ À0.09 MPa) and C L ¼ À1.04 MPa, measured for g L (Fig. 4A ) and then infiltrated with fluorescein (Fig. 4B) showed a progressively large decrease in the number of fluorescing veins per unit leaf surface area at increasing dehydrations. In particular, leaves near full turgor had all minor veins distinctly fluorescing whereas those at C L ¼ À0.57 MPa showed some minor veins that were no longer fluorescent. Much wider leaf areoles without fluorescing minor veins (i.e. appearing dark) were observed in leaves at C L ¼ À1.04 MPa, thus suggesting that an increasing number of minor veins were impaired at this increased leaf dehydration. When the fluorescent surface area (FA) of the selected regions of the leaf blade where g L had been previously measured (Fig. 4B) was plotted versus the corresponding C L (Fig. 5) , FA appeared to be of the order of 48-50% of the total A L until C L was higher (less negative) than À0.6 MPa and to decrease progressively with C L to about 22% in leaves at C L ¼ À1.3 MPa. In turn, when g L measured of the same selected leaf blade regions was plotted versus FA (Fig. 6) , a positive linear relationship appeared to exist between the two variables with a correlation coefficient r ¼ 0.554 and a high statistical significance (P , 0.0001). No significant difference was found to exist among the nine g L values recorded per leaf both for leaves near full turgor (Fig. 4A) and for dehydrated leaves, thus suggesting that the average stomatal conductance was more or less homogeneous over the leaf blade, at least when leaf areas of 60 mm 2 were compared. The hydraulic conductance (K L ) of leaves from plants deprived of irrigation up to reference C L values ranging between about À0.1 MPa (near full turgor) and À1.3 MPa Fig. 2 . Time course of cumulative number of ultrasound acoustic emissions (cUAE) from the leaf blade, leaf conductance to water vapour (g L ) and water potential (C L ) before and during fast dehydration of plants cut off near their base. The two arrows indicate when plants were illuminated and when they were cut off (cut). Vertical bars are SD of the mean (n ¼ 6). Fig. 3 . Time course of cumulative number of ultrasound acoustic emissions (cUAE), leaf conductance to water vapour (g L ) and water potential (C L ) in intact plants deprived of irrigation. Vertical bars are SD of the mean (n ¼ 6 for cUAE; n ¼ 12 for g L and C L ). Physiol. Plant. 119, 2003 ( Fig. 7) , decreased from about 22.5 eÀ5 kg s À1 m
À2
MPa À1 for leaves at near full turgor to about 18.0 eÀ5 kg s À1 m À2 MPa À1 for those at C L ¼ À1.3 MPa, namely by about 20% with a weak negative linear relationship between K L and C L (r ¼ 0.405). The hydraulic conductance (K L ) of leaves immersed in ethanol for 1 h (Fig. 8 ) turned out to be 5.5 times higher than that of fresh fully hydrated leaves and similar results were obtained for leaves with the leaf blade cut between the major veins (K L ¼ 104.9 eÀ5 kg s À1 m À2 MPa À1 ). On the basis of the above data, it was tentatively computed that the ratio of the hydraulic resistance (R ¼ 1/K) of the leaf symplast (in the case of ethanol-treated leaves) or that of the extra-vascular leaf compartment (in the case of leaf cuttings) to whole leaf R was in both cases of the order of 0.8 (Fig. 8) .
Discussion
The first objective of the present work was to assess whether leaves of sunflower underwent cavitation and embolism under water stress. Our data showed that this was the case both when plants were forced to embolize by cutting them at their base (Fig. 2) and when intact plants were subjected to water deprivation (Fig. 3) . The UAE production by leaves increased immediately after transpiring plants were cut off (Fig. 2 ) and this coincided with C L dropping to À1.2 MPa as well as with more or Quite similar to the response of plants to cutting was that of plants deprived of irrigation, even if their response was, as expected, slower and developed in a matter of about 96 h. Intact water-stressed plants, in fact, showed a temporal coincidence of increased UAE production, C L drop and stomatal closure (Fig. 3) . Although UAE may be produced by non-vascular leaf tissues like fibres or collenchyma cells (Sandford and Grace 1985, Cochard 2002) , in the present study the majority of UAE signals were likely to be emitted by cavitating veins. At decreasing C L , in fact, leaves infiltrated with fluorescein for 1 h showed distinct decrease in the number of fluorescing (functional) minor veins ( Fig. 4B ) with a consistent reduction of the leaf fluorescent area (FA) which was, at C L ¼ À1.2 MPa, about a half of that estimated for well hydrated leaves. Moreover, the measured decrease in FA occurred critically when C L dropped below À0.6 MPa which was the C L at which stomata began to close (Figs 2 and 3) . It is worth noting that changes in FA only give information of minor veins functionality because major veins contain so many vessels that even if, say, half of them were blocked by embolisms, these veins would appear still to be fluorescing. Although leaf infiltration with fluorescein for use in estimating the amount of vein embolism can be expected to underestimate this phenomenon, our data strongly suggest that the ratio of non-fluorescing to fluorescing vein was the likely expression of the amount of the vein cavitationinduced blockage. The second objective of the present work was to check whether leaf vein cavitation had any impact on g L and/or on leaf hydraulics. Our data suggest that the embolism of the minor veins (as detected in terms of the decreased percentage of FA, Fig. 6 ) had a distinct impact on g L . The high scattering of g L values recorded for leaves near full turgor was the likely expression of the typical multifactorial origin of stomatal response (Thompson et al. 1997 ). This caused the correlation coefficient (r) for the g L -FA relationship to be of the order of 0.55 but the positive relationship between the two variables was highly significant (P , 0.0001), thus strongly suggesting that the progressive loss of functionality of minor veins (Fig. 5) , had induced progressive stomatal closure. The C L value triggering massive vein cavitation was about À0.6 MPa in cut plants (Fig. 2) . Similar results were obtained in intact water-stressed plants in which g L was found to drop from about 150 to 75 mmol m À2 s À1 , simultaneously to C L decreasing from À0.6 to À0.8 MPa. In agreement with the above, FA began to decrease when leaf water potential was in the range of À0.6 to À0.8 MPa. (Fig. 5) . It is also worth noting that the nine leaf blade areas per leaf measured for g L and for functional (fluorescing) veins, showed rather homogeneous distributions of FA at the three dehydration levels tested.
Recently, Cochard (2002) and Cochard et al. (2002) have found that stomatal closure in maize and walnut leaves, as estimated in terms of relative plant water loss or of relative plant transpiration, occurred at minor losses of xylem conductance (about 5-10%) and concluded that stomatal closure was correlated with bulk leaf turgor loss rather than with xylem cavitation. We are aware that in our experiments the decrease in C L and the consequent decrease in cell turgor alone might be responsible for stomatal response. Our data, however, provide more than circumstantial evidence that vein embolism was at least co-responsible for initiating stomatal closure. In fact, a massive vein blockage (50% decrease in FA) was triggered by a critical C L (0.6 MPa) that coincided with the beginning of a consistent UAE production and with stomatal closure. In other words, Physiol. Plant. 119, 2003 two independent methods for detecting vein cavitation measured the same vein cavitation threshold at which stomatal response occurred both when leaves had been subjected to abrupt dehydration (cut plants) and when dehydration proceeded more gradually (plants deprived of daily irrigation). A possible mechanistic explanation of the relationship existing between leaf vein cavitation and stomatal closure has been proposed by Nardini and Salleo (2003) . In this recent paper, it has been argued that the loss of some xylem conduits would induce local K L and C L drops. Turgor changes and/or C-dependent release of chemical signals would induce partial stomatal closure without significant changes in leaf bulk C L . An implicit corollary of this thesis is that xylem embolism must be rapidly reversed once xylem pressure is released. Otherwise, the cavitation-mediated regulation of stomatal aperture can only function once and the stomatal closure might remain irreversible. In fact, leaves of sunflower have been shown to be capable of rapid and complete refilling of their cavitated conduits upon rehydration (Trifilo`et al. in press) . Similar relationships between K L and g L both during leaf dehydration and rehydration have been described in Carob tree (Lo Gullo et al. 2003) . This, in our opinion, reinforces the thesis that leaf veins might be designed as weak links of the soil-to-leaf water pathway and that cycles of vein embolism and refilling might act as an early signal triggering stomatal closure.
Leaf dehydration caused leaf hydraulic conductance to decrease less than expected on the basis of the measured stomatal response and vein embolism (Fig. 7) . The K LL -C L relationship showed a low correlation coefficient (r ¼ 0.40) between the two variables although the linear positive relationship of K L to C L was statistically significant (P , 0.05). In other words, the whole leaf hydraulic conductance appeared to be scarcely sensitive to the large vein blockage measured. A possible explanation for this seemingly paradoxical behaviour of K LL might arise from the dominant hydraulic resistance of the extra-vascular water pathway in sunflower leaves (Fig. 8) . Leaves with mesophyll cells killed by immersion in ethanol, showed K LL values that were 5.5 times higher than that measured for leaves at full turgor. If we assume that ethanol had caused all the living cell membranes to lose their natural hydraulic resistance, we can compute that the resistance of the symplast of sunflower leaves represented about 80% of the total leaf resistance. Similar results were obtained when water flow within the leaf blade was allowed to bypass the entire extravascular leaf compartment (Fig. 8, cut) . Because the hydraulic resistance of the leaf cell walls is likely to be much lower than that of the leaf symplast, the computed 80% of the resistance of the leaf residing in the extravascular compartment (R NV ) suggests that the large majority of R NV was due to R symplast . On the basis of the above, the large dominance of the hydraulic resistance of the extravascular water pathway can be expected to strongly buffer or mask the impact of vein embolism on leaf hydraulics so that the measured K LL would be no longer representative of possible large local K LL changes. In a recent paper, Meinzer (2002) has proposed a simple hydraulic model predicting the impact of stem cavitation on whole shoot hydraulic conductance taking into account the partitioning of R between stem and leaves. This author convincingly showed that high R leaf /R shoot ratios would result in shoot hydraulic conductance being relatively insensitive to even large losses of stem hydraulic conductance. A similar argument may apply to leaf blades with high R NV /R leaf ratios. In our case case (R NV /R leaf ¼ 0.80), it can be computed that up to 70% loss of conductance of the leaf vascular system would result in less than 20% loss of conductance at the whole leaf level (Meinzer 2002) . In other words, the high 'weight' of the leaf symplast resistance was likely to mask the cavitation-induced loss of vein network hydraulic conductance.
A not necessarily alternative hypothesis might be that the typically high redundancy of the leaf venous system might allow water to bypass blocked veins, thus buffering even large local impairements of the leaf vascular system. In particular, a high vein density and/or a high degree of vein anastomoses per leaf unit surface area might strongly favour the equitable leaf hydration even in the presence of relatively high numbers of embolized minor veins , Roth-Nebelsick et al. 2001 .
Recently, Stiller and Sperry (2002) have reported vulnerability curves for stems of sunflower. Only a small percentage loss of conductance was recorded at C XP of À1.0 MPa. In our case, leaves underwent substantial cavitation and embolism in a C L range between À0.6 and À1.2 MPa (Figs 2, 4B and 5) and stomatal closure was almost complete at C L between À0.6 and À0.8 MPa. If data reported by Stiller and Sperry (2002) are combined with our data, it can be concluded that: (1) sunflower leaves are more vulnerable to cavitation than stems which is in accordance with previous studies on some woody species and (2) leaf cavitation and consequent stomatal closure helped plants preventing water potential to fall further, thus preventing runaway embolism (Tyree and Sperry 1988) . In conclusion, sunflower seemed to exhibit a sort of 'double' stomatal control of embolism consisting of limiting stomatal aperture to prevent leaf vein cavitation when plants were under optimal water availability whereas under water limitation, leaf vein cavitation induced stomatal closure, thus preventing (or limiting) stem embolism (cavitation avoidance, Cochard 2002) .
